The present paper reviews the recent advances in and applications of experimental techniques used to study interactions between G-quadruplex structures and ligands that are potentially of pharmaceutical interest. Several instrumental techniques are used to study such interactions. The application of spectroscopic techniques such as molecular absorption, circular dichroism, molecular fluorescence, mass spectrometry and nuclear magnetic resonance are reviewed and we discuss the type of information (qualitative or quantitative) that can be obtained from the use of each technique. Additionally, the application of complementary techniques such as surface plasmon resonance, isothermal titration calorimetry and different methods based on biochemistry is considered.
Introduction
Guanine-rich nucleic acid sequences can fold into four-stranded DNA structures that are known as G-quadruplexes. The building blocks of these structures are G-tetrads or G-quartets: almost planar arrangements of four guanine bases bonded by eight Hoogsteen hydrogen bonds. The G-quadruplex structure can be formed by the intermolecular association of four DNA molecules, by the dimerization of sequences that contain two G-tracts, or by the intramolecular folding of a single strand that contains four blocks of guanines [1, 2] .
The existence in vivo of guanine-rich regions at the end of telomeres and near the promoter regions of some oncogenes, such as cmyc, bcl-2 or c-kit is well known [3] . The formation in vitro of G-quadruplex structures in these guanine-rich regions has also been demonstrated. Together, these facts suggest that such structures exist in vivo and that they may be involved in important biological processes, such as aging or the development of cancer [4] . Detailed research has ascertained which factors affect the structure and stability of G-quadruplex structure and the influence of pH, ionic strength, temperature and the presence of organic modifiers are now known. In recent years, particular effort has been made to discover (as well as to design and synthesize) new ligands which that could help to regulate the stability of G-quadruplex structures, thus allowing stabilization or destabilization in vitro [1] . Such ligands should not only modulate the stability of G-quadruplex structures, but they should also do so selectively in the presence of other potential targets, such as double-stranded DNA. Once the ligands are available, a battery of instrumental techniques is used to determine the main characteristics of the G-quadruplex-ligand interactions, such as stoichiometry, mode of binding, and equilibrium or rate constants.
The aim of this review is to provide a comprehensive list of the papers published in recent years concerning G-quadruplex-ligand interactions, focusing on the instrumental techniques used in those studies. The published works considered here have been classified according to the instrumental technique employed, and special attention has been paid to those papers that describe novel applications or techniques. Not only have novel techniques been applied to study G-quadruplex-ligand interactions but such interactions may also be the basis for the development of new assays.
Previously published reviews
Some reviews have been published in recent years that deal with different aspects of G-quadruplex chemistry. Apart from the excellent book edited by Neidle and Balasubramanian [1] that describe the fundamentals aspects of G-quadruplex structures, it is also worth mentioning the volume edited by Baumann [5] in which several methods and protocols are described. The book edited by Fox [6] should also be mentiones: in it several instrumental techniques used to study interactions between nucleic acid structures (not only G-quadruplexes) and drugs are discussed. However, in this section we focus on those reviews that have appeared in journals and that describe the application of instrumental techniques to the study of such interactions.
Two different special issues of Methods have been published dealing with the study of the chemistry of quadruplex nucleic acids [7] and, more recently, with the study of nucleic acid structures [8] . In this last issue, several reviews were published of experimental and theoretical methods for studying general DNA or RNA structures, starting from the sequence level, moving throught the helical structures and complex tertiary structures, and to their complexes with proteins. However, we are more interested in discuss in depth the special issue devoted to experimental methods used to study G-quadruplex structure.
In that issue, the use of probably the most basic experimental method for studying G-quadruplex structures and their interactions with ligands, spectroscopically-monitored melting, was reviewed by Rachwal and Fox [9] . They focus on melting experiments monitored by means of molecular fluorescence, and explained how this can be used to determine the T m values of intramolecular G-quadruplexes and the effects of G-quadruplex-binding ligands. Quantitative analysis of the melting curves can be used to determine the thermodynamic (H, G, and S) and kinetic (k 1 , k -1 ) parameters. The method can also be adapted to study the equilibrium between G-quadruplex and Watson-Crick duplex DNA, and to explore the selectivity of ligands for one or other structure. Important problems arising in such experiments and concerning reversibility or choice of fluorophores are also thoroughly discussed. Paramasivan et al. reviewed the applications of circular dichroism (CD) spectroscopy in the study of Gquadruplex structure, as well as the effects on it of cations and ligand binding [10] . The case study approach was used to indicate the strengths and limitations of CD in studies of the properties of G-quadruplex structures formed by telomere repeat sequences, including the determination of the quadruplex structural type, the effect of the sequence on the equilibrium between G-quadruplex structural types, the effect of ligand binding and the effect of 5'-phosphorylation. CD is particularly well suited to monitoring whether changes in cation concentration, the presence of ligands and chemical modification alter the G-quadruplex structure of a DNA in a rapid manner using relatively small amounts of material. Solution NMR spectroscopy has traditionally played a central role in examining G-quadruplex structure, dynamics, and interactions. Webba da Silva provided an overview of the methods currently applied to structural, dynamics, thermodynamics, and kinetics studies of nucleic acid quadruplexes, associated cations and ligand binding [11] . Another technique which has been shown to be successful for studying G-quadruplex-ligands interactions is surface plasmon resonance. Redman reviewed the technique and its main applications in probing G-quadruplex folding and Gquadruplex interactions with proteins and small molecules [12] . In the same issue, the use of competition dialysis in the discovery of selective ligands for G-quadruplex structures was reviewed by Ragazzon and Chaires [13] . Competition dialysis has been shown to be a useful tool for discovering small molecules that selectively recognize the unique structural features of Gquadruplexes as opposed to single-stranded, double-stranded or triplex DNA. The principles and most important practical aspects of this technique were described in detail.
Apart from the special issue of Methods, several reviews were published in a special issue of Biochimie concerning the targeting of DNA sequences. The second section of that issue, entitled ''Nucleic Acids Biophysics'', presented a variety of techniques that may be used to study nucleic acid interactions or properties that may have been overlooked before. The thermodynamic parameters of such reactions may be directly assessed by microcalorimetry (ITC and DSC) which helps to determine the molecular forces involved in the interactions between nucleic acids [14] . A new method has become increasingly popular during the last decade for the study of nucleic acids: mass spectrometry. Gabelica and coworkers presented a review on the state of the art of electrospray mass spectrometry (ESI-MS) in the study of non-covalent nucleic acid complexes [15] . Finally, the fourth section of that issue was dedicated to the ''Structure, biology and targeting of quadruplexes''. A convenient method for screening Gquadruplex ligands is presented by Teulade-Fichou and colleagues [16] . Several families of compounds are compared using that fluorescence displacement assay, mass spectrometry and FRET melting experiments. Single molecule studies, presented by Shirude and Balasubramanian, may be employed to study the conformational heterogeneity and real time dynamics of these structures [17, 18] . Finally, Neidle and Parkinson [18] reviewed the G-quadruplex X-ray structures published at the time. Most of the crystal G-quadruplex structures described in that work corresponds to sequences from human telomeric DNA or to Oxytricha nova. Since then, several new G-quadruplex crystal structures have been published. Some characteristics of G-quadruplex (loop flexibility and stability of the G-tetrad core) are discussed and related to the few ligand complex structures discussed.
So, in this work, our aim is to update the work described above with the new developments and contributions that have appeared in recently. The references included in this work were obtained from a bibliographic search of the Scopus and ISI Web of Science databases in June and July 2011 with a focus on the manuscripts published between 2008 and 2011. However, during the final stages of preparing the manuscript, another review was published covering topics similar to those covered by Murat and coworkers [19] from a different viewpoint that could be considered complementary to our review
Experimental Techniques
This section contains a list of the different instrumental techniques that have been used to study interactions between Gquadruplexes and ligands. For each technique, we provide a brief theoretical introduction to how it is applied to the study of the interactions, followed by a discussion of some examples that, in our opinion, are characteristic of the technique or that are of specific interest (because they involve a new development or an interesting result).
UV-visible Molecular Absorption
UV-visible molecular absorption spectroscopy is probably the simplest and most commonly employed instrumental technique for studying both the stability of G-quadruplex structures and their interactions with ligands.
Usually, molecules used as ligands show an absorption band that can be clearly distinguished in the visible region. An easy way to determine whether there is any interaction between the G-quadruplex structure and the drug is therefore to analyze the shifting of the position of the maximum of this band from when the ligand is free in solution to when the ligand is complexed with the DNA. It has been postulated that the magnitude of this shifting could be interpreted as an indication of the strength of the interaction between the DNA structure and the ligand considered. In addition to this qualitative information, experiments involving titration of the DNA with the ligand (or vice versa) provide quantitative information such as stoichiometries and binding constants. There are several recent examples in which interactions between the ligand and the G-quadruplex structure are studied by means of a titration monitored by UV-vis molecular absorption spectroscopy . Figure 1a shows the shift of the Soret band (at approximately 430 nm) corresponding to the porphyrin TMPyP4 upon successive additions of a G-quadruplex-forming sequence belonging to the k-ras promoter. The dramatic red shift from 422 to 440 nm is an excellent indication of interaction between the G-quadruplex and the ligand. However, obtaining quantitative information is not so straightforward. Stoichiometries and equilibrium constants are calculated by fitting absorbance data to previously proposed interaction models using two different approaches based either on Scatchard plots or on multivariate analysis which provides distribution diagrams and spectra of the species considered (see Figures 1b and 1c) . Using these two different approaches the number of species present in the system can be determined and more accurate models for describing interactions between the Gquadruplex structure and ligands may be postulated. This is particularly useful when interactions with different natures are present. Some examples of the application of these data analysis methods are summarized in Table 1 .
Table 1 near here
A different strategy for detecting interactions between G-quadruplex and drugs is to study the thermodynamic parameters calculated from UV-monitored melting experiments. In a melting experiment, the melting temperature and thermodynamic parameters are determined from the changes in the absorbance (usually at 295 nm for G-quadruplex structures) as a function of temperature. Experimental considerations regarding the measuring and analysis of thermal melting curves have been discussed in detail [56] . In this way, comparing the melting temperature values in the absence and presence of a ligand is a tool for easily establishing whether there is an interaction between the ligand and the G-quadruplex. In addition, it indicates whether the complex stabilizes (T m increases) or destabilizes (T m decreases) the G-quadruplex structure. An example of the application of melting profiles can be found in the work of Agarwal [57] . In that work, interactions between a sequence based on the c-myc oncogene and two furan-based cyclic homooligopeptides were studied. Figure 2 shows the melting curves recorded at 295 nm of two ligands under four different conditions (in absence of each ligand and at three different ligand concentrations). A clear stabilization effect can be observed for both ligands, but the authors point out that the second ligand increased the melting temperature by more than twenty degrees and showed bigger greater stabilization effect (Figure 2 Some examples of other recently published work in which melting profiles are used to study the interactions of G-quadruplexes with several classes of ligand are shown below. They include ligand types such as platinum complexes [32, 43] , ruthenium complexes [41, 53] , bisbenzimidazoles [37] , polyamines [52] , oxazoles [24, 58] , oxazynes [33] , porphyrins and derivatives [30, 31, 35, 38, 48, 59, 60] , pthalocyanines [61] , perilenes and their derivatives [60] , neomycin-perylene conjugates [62] or isoquinoline alkaloids [46] .
Circular dichroism
Just like UV-visible molecular absorption spectroscopy, circular dichroism (CD) spectroscopy has become an essential technique in the study of G-quadruplex structure and of G-quadruplex-ligand interactions. CD is a straightforward method for monitoring conformational changes in DNA structure induced by modifications of the environment, such as temperature, the nature and/or concentration of counterions, pH or the addition of crowding agents. The effect of chemical modifications on the DNA structure may also be studied by means of CD spectroscopy.
It is commonly accepted that the conformation of a G-quadruplex structure (parallel, antiparallel or mixed) can be roughly assigned from the position and magnitude of the CD bands. Hence, a positive band at 260 nm is commonly assigned to a parallel conformation, whereas a positive band at 295 nm and a negative band at 260 are indicative of an antiparallel conformation. However, CD results cannot be used to unambiguously determine the type of quadruplex structure adopted by DNA [10] , but it can be used to limit the number of possibilities. In recent work, Masiero and coworkers criticized the paradigm cited above on the basis of a qualitative rationale of exciton coupling between G-tetrads [63] . According to them, the polarity of stacked G-tetrads, and not the relative orientations of the backbone strands, is likely to be the determining factor for G-quadruplex spectra. Hence, the kind of CD spectrum observed would not be directly related to the relative strand orientation: the stacking orientation of the Gtetrads obviously depends on the folding of the strand (and hence on the parallel/antiparallel strand polarity); however, no direct relationship could be established between the two topological features. To sum up, CD should only be used to obtain information about G-quadruplex structures by comparing their spectra with those of known structures by means of NMR or X-ray crystallography.
As mentioned above, UV-vis-monitored melting experiments are a common way to obtain information about the stability of a DNA structure. However, as the absorbance hyperchromicity (at 260 nm) or hypochromicity (at 295 nm) of G-quadruplex DNA tends to be much smaller than that associated with duplex DNA, CD has been widely used to monitor thermal unfolding of Gquadruplex structures. This is usually performed by plotting the measured ellipticity at the wavelength corresponding to the maximum of a positive band (around 260 nm for parallel structures or 288 nm for antiparallel structures) versus temperature [64] [65] [66] [67] [68] ).
CD spectroscopy has been used extensively to study interactions between G-quadruplex and ligands. In general, these are nonchiral molecules which do not exhibit a CD signal in solution. Hence, changes observed in the UV region when a G-quadruplex structure is titrated with a non-chiral molecule can be directly related to modifications of the G-quadruplex structure. However, in some cases, when a non-chiral ligand binds tightly to chiral DNA, such as a G-quadruplex, a CD signal is induced in the wavelength region corresponding to the absorbance of the bound compound. Intercalating compounds usually produce negative induced CD signals or very small positive signals. Groove binding is generally indicated by the presence of a large positive induced CD signal upon titration of the compound into DNA [69] . In any case and due to the relatively low signal-to-noise ratio, CD is frequently limited to providing qualitative data. In other words, the effect of the ligand on the G-quadruplex structure is merely observed: quantitative determination of stoichiometry and calculation of binding constants require other procedures and techniques, such as UV-vis molecular absorption or fluorescence-monitored titration of a ligand solution with DNA.
The human telomeric structure has been the main focus of attention for researches working on the effect of ligands on Gquadruplexes. Therefore, CD-monitored titrations of human telomeric G-quadruplex DNA have been reported with oxazole-based peptide macrocyles [70] , perylene-neomycin conjugates [62] , disubstituted 2-phenyl-benzopyranopyrimidine derivatives [71] , naphathalene diimide derivatives [64] , natural alkaloids [72] or their derivatives [46] , phenantroline derivatives [73] , telomestatin [66] , symmetrical bisbenzimidazoles [37] , natural polyamines [52] , porphyrins [38, 49, 74] , metal complexes [41, 48, 53, 75] and a chiral cyclic helicene [76] .
Other sequences whose conformational changes upon addition of ligands have been studied include sequences near the promoter regions of genes such as c-kit, c-myc, bcl-2 or vegf. CD spectroscopy was used to study the effects of triaryl-and diethynylpyridine derivatives on a G-rich sequence corresponding to a promoter region of the c-kit gene in the presence and absence of a stabilizing salt [50, 77] . Diethynyl-pyridine derivatives appear to induce the formation of a single parallel conformation of the Gquadruplex. Moreover, the appearance of a relatively weak signal was observed around 390 nm for the ligands, which was explained as a change in the chirality of the proximal chemical environment of the ligand. This sequence has been targeted with oxazole-based macrocycles [70] , heteroaromatic 1,4-triazole and with a polycyclic fluorinated acridinium cation [67] . The guanine-rich sequences near the promoter regions of the c-myc gene have also been studied by means of CD spectroscopy. Hence, the effect of polyamines has been studied [52] . Interactions with furan-based cyclic homooligopeptides was qualitatively studied using CD, resulting in the observation that these ligands induced a parallel-stranded conformation [57] . The effect of a berberine derivative has been studied leading to the observation of down-regulation of c-myc gene transcription in the leukemia cell line HL60 [78] . Another G-quadruplex structure studied with CD spectroscopy is that formed by a guanine region near the promoter regions of bcl-2 [39, 52] . To overcome the relatively low signal-to-noise ratio, del Toro et al. used multivariate analysis to analyze spectroscopic data recorded by CD and UV-vis simultaneously monitored titrations of a G-quadruplex-forming region of bcl-2 with TMPyP4 [30] . Finally, interactions between porphyrins and guanine-regions near the promoter regions of vegf [79] and k-ras [80] have also been studied. The interaction of TMPyP4 with k-ras G-quadruplex induces a CD band at 445 nm, which has been explained as a result of end-stacking interaction. Another structure which has been the focus of attention is the hTERT core promoter [68] , whose interaction with perylene derivatives has been monitored with CD [65] .
Molecular fluorescence
Apart from molecular absorption and CD spectroscopy, molecular fluorescence is probably one of the techniques most commonly used to study interactions between ligands and G-quadruplex structures. The advantages of molecular fluorescence over other techniques are its high sensitivity, large linear concentration range and selectivity. The most intense and the most useful fluorescence is found in compounds containing aromatic functional groups with low-energy  -> * transition levels. Compounds containing aliphatic and alicyclic carbonyl structures or highly conjugated double-bond structures may also exhibit fluorescence, but the number of these transitions is small compared with those in aromatic systems.
When studying G-quadruplex-ligand interactions, there are several different approaches to molecular fluorescence spectroscopy. One consists of including a chemically modified fluorescent base in the DNA sequence of interest, such as, 2-aminopurine which is an analog of adenine that shows fluorescent properties. Nagesh et al. included this base in a DNA sequence corresponding to a bcl-2 promoter region and monitored the increased fluorescence of this base on addition of TMPyP4 [39] . As 2-aminopurine was incorporated into the first and second lateral loops of the G-quadruplex structure, changes in fluorescence seem to support intercalation as the mechanism of the weaker binding mode. A similar approach has been used to explore the binding of calothrixin A to a G-quadruplex from the c-myc gene [81] or oxazole-based macrocyclic compounds to human telomeric DNA [24, 58] .
Compounds that have been shown to bind to G-quadruplex DNA have generally been planar, aromatic compounds that bind via external end-stacking to the surface of the G-quartet on either one end or both ends of the quadruplex [69] . As it is found empirically that fluorescence is particularly favored in molecules that possess rigid structures, the fluorescent properties of these ligands may be useful to monitor changes that accompany interaction with G-quadruplex structures. Much research has been performed into the design, synthesis and evaluation of aromatic ligands which can stack on G-quartets. As a consequence, molecular fluorescence spectroscopy has emerged as a useful tool for directly monitoring their interactions with selected DNA sequences.
Another way to study the interactions between G-quadruplexes and ligands by means of fluorescence spectroscopy is to use this technique to determine the stoichiometry and equilibrium constants of the complexes formed. In general, experiments involve the addition of aliquots of a stock solution of G-quadruplex to solutions of a ligand. After an equilibration time, the fluorescence spectrum is recorded and the data processed. Once again, the sequence corresponding to human telomeric DNA has been the main focus of attention. Hence, the interaction with a perylene-neomycin conjugate [62] , quindoline derivatives [55] , isoquinoline alkaloids [46] , ruthenium complexes [53] , platinum(II) complexes with dipyridophenazine ligands [32] or chiral cyclic helicenes [76] has been described. The interaction of porphyrin-based molecules, such as TMPyP4, which show the rigid structure mentioned above, has been studied for DNA sequences such as human telomeric [34, 38, 45, 49] . Other G-quadruplex-forming sequences which have been studied are those corresponding to several promoter regions. Hence, the interaction of platinum(II) complexes with tridentate ligands with a DNA sequence near the promoter region of c-myc [43] and the interaction of amido phthalocyanines with DNA sequences near the promoter regions of c-myc or c-kit [82] have been described. Moreover, the last is one of the few studies into the pH-dependence of G-quadruplex binding by a ligand.
In addition to simple experiments where a ligand is titrated with DNA, comparative fluorescence quenching or polarization anisotropy of the emission spectra may provide additional information about the interaction of G-quadruplexes with ligands, as in the cases of the interaction between amido phthalocyanines and DNA sequences of c-myc or c-kit promoters [82] or the interaction of coralyne and sanguinarine compared to berberine and palmatine [46] .
In addition tosteady-state measurements carried out to determine equilibrium parameters, kinetic measurements can efficiently be performed with fluorescence instrumentation. In this way, folding induced by potassium ions of oligonucleotides labeled with pyrene at the 5' and/or 3' end through a 3-aminopropyl linker has been monitored and the fluorescence decay has been used to determine average lifetimes [83] . These results indicate that even single-labeled pyrene probes could be an alternative in bioanalytical applications. Fluorescence decays can be fitted to exponential curves, thus allowing different binding sites for the ligand to be proposed on the G-quadruplex structure, since longer lifetimes are related to externally bound ligands, whereas shorter lifetimes are related to intercalation or end-stacking [40] . Time-resolved fluorescence spectroscopy has also been used to study the interaction of G-quadruplexes with quindoline derivatives [55] or TMPyP4 [40, 84] .
G4-FID (G-quadruplex fluorescent intercalator displacement) is a simple and fast method that allows the affinity of a compound for G-quadruplex DNA and its selectivity towards duplex DNA to be evaluated. This assay is based on the loss of fluorescence of thiazole orange (TO) upon competitive displacement from DNA by a putative ligand under steady-state conditions. The original protocol was tested using various quadruplex (human telomere, TBA) and duplex-DNA targets, and with a wide range of Gquadruplex ligands belonging to different families that it was considered were likely to display various binding modes [16] . However, the original test was limited to the screening of compounds with optical characteristics compatible with those of the probe, i.e., compounds that did not significantly absorb or fluoresce in the same wavelength range as TO. To overcome these difficulties, improvements to the protocol via the use of other fluorescent probes (such as Hoechst 33258 or TO-PRO-3) or by adapting to high-throughput screening have been described [85, 86] . The method has been used to describe qualitatively the interaction of methylene blue derivatives with a G-quadruplex-forming sequence of the c-myc gene [87] and of the aminoglycoside perylene conjugate with human telomeric DNA [62] .
Another technique for studying ligand-G-quadruplex interactions which has become very popular is fluorescence (or Förster) resonance energy transfer (FRET) spectroscopy. The DNA sequence to be studied is labeled at the 5' and 3' ends with a donor and an acceptor fluorophore. The donor may be 6-carboxyfluorescein (FAM) and the acceptor 6-carboxy tetramethylrhodamine (TAMRA). An excited donor can transfer its energy to the acceptor via an induced-dipole interaction, whereby the efficiency of energy transfer, E, is inversely proportional to the distance between the donor and acceptor. Changes in the distance between the two labeled sites of the molecule can result in a measurable change in the efficiency of the energy transfer. A few years ago, De Cian et al. [88] analyzed the FRET method as used to measure the stabilization and selectivity of quadruplex ligands towards human telomeric G-quadruplex. This was aimed at overcoming some of the drawbacks related to molecular absorbance or CD approaches, such as relatively high DNA and ligand concentrations and related precipitation/aggregation problems, or the absorption of ligands in the region where DNA absorbs. Since the original reports demonstrating that FRET could be used to study G-quadruplexes, FRET systems have become very popular, due to large differences between the fluorescence properties of folded and unfolded forms. The shift in T m is a measure of the relative strength of the interaction. However, the stabilization value induced by the ligand on the G-quadruplex structure depends on the nature of the fluorescent tags, the incubation buffer, and the method chosen for T m calculation, which complicates a direct comparison of results obtained in different laboratories [88] .
The latest application of FRET melting studies include the study of the interaction of human telomeric DNA with 2-phenylbenzopyranopyrimidine derivatives [71] , polyamines [74] , substituted naphathalene diimides conjugated to engineered phenol moieties by alkyl-amido spacers [64] , triangular aromatic platforms, either with three aminoalkyl side chains (triazatrinaphthylene series), or without side chains (triazoniatrinaphthylene) [89] , bis-guanylhydrazone diimidazo pyrimidine [90] , substituted acridines [91] , and substituted phenanthroline-based compounds [73, 92] . The effect of crowding conditions on ligand-Gquadruplex interactions has also been considered [93] .
The interaction of G-quadruplex-forming sequences near the promoter regions of c-myc with berberine derivatives [78, 94] , bisaryldiketene derivatives [95] , and furan-based cyclic homooligopeptides [57] has been reported. DOTASQ as a free base is relatively ineffective in stabilizing quadruplex-DNA; however, it has been demonstrated that a terbium-mediated conformational switch controls G-quadruplex binding affinity. Thus, the corresponding terbium complexes represent a novel class of quadruplex interacting metallo-organic complexes, interest in which continues to increase exponentially [96] . FRET melting studies have been applied to assess the interaction of quindoline derivatives [97] and polyamines [52] with G-quadruplex-forming sequences near a bcl-2 promoter. Finally, the G-quadruplex formed at the c-kit gene have also been a focus of interest [50, 90, 96, 98] . Without involving a melting process, Green et al. used an original system to study quadruplex opening in the presence of the complementary strand and of a hemicyanine tetrapeptide conjugate by means of FRET [99] .
Derived from the classic FRET technique, single-molecule FRET can be employed to directly analyze the conformation of Gquadruplex-forming sequences. Single-molecule detection is a powerful approach for directly analyzing biomolecular properties without the temporal and population averaging that are involved in conventional ensemble studies [17] .
Nuclear Magnetic Resonance
Nuclear magnetic resonance is also a powerful tool for the analysis of interactions between ligands and G-quadruplex structures. There are two different approaches to its use. Similarly to molecular spectroscopy, NMR can be used to monitor the interaction of oligonucleotides with ligands. Alternatively, NMR can be used to elucidate the structure of the DNA-ligand complex by applying appropriate restrictions to the experimental spectra.
In the case of G-quadruplex structures, as described in the 2007 review by Webba da Silva [11] , characteristic NMR signals are found in regions of amino and imino protons (between 8 and 13 ppm, approximately) when considering a typical proton spectrum. The NMR spectrum of an intermolecular G-quadruplex structure may show better resolved signals than the spectrum of an intramolecular structure. In the first case, the NMR spectrum of the sequence d(TAGGGTTA) [101] shows only three signals in the imino region corresponding to G3, G4 and G5. In the second case, up to twelve signals corresponding to the twelve guanine bases are observed in the NMR spectrum of the intramolecular G-quadruplex formed by the d(AG 3 (T 2 AG 3 ) 3 ) sequence [102] . Higher dimension NMR techniques allow more than one species in equilibrium to be detected and determine their relative populations [103, 104] .
Ligand:G-quadruplex titrations by NMR
In these experiments the ratio of the concentrations of G-quadruplex and the ligand varies and can be monitored using NMR spectroscopy in the same way as in the case of the molecular spectroscopies discussed above. However, in the case of molecular absorption and CD spectroscopies, the experiments may be performed on-line, i.e., the set of spectra is measured after successive additions of the ligand (or DNA) to the measurement cell. In the case of NMR, the experimental procedure is different and a large number of measurement samples must be prepared. Each samples contains the oligonucleotide under study at a specific concentration (typical concentrations for NMR experiments vary between 0.1 and 10 mM) and a variable amount of ligand to end up with the desired concentration ratios.
Interaction between the G-quadruplex and the ligand is confirmed from the comparison of the experimental NMR spectra from all the measurement samples. Typically, the addition of a ligand causes an upfield shift in the characteristic NMR peaks of Gquadruplexes (see Figure 3) . This is usually attributed to the disappearance of the signals from the imino protons of the guanines in the G-quadruplex structures and the appearance, upon titration, of signals related to the ligand:DNA bonded species. Moreover, depending on the changes observed in the NMR signals, the binding mode and the strength of the binding between the ligand and G-quadruplex can be proposed. Thus, when the signals corresponding to free and bound DNA are clearly distinguishable, it can be interpreted as tight and specific binding (due to a slow exchange on the NMR scale between free and bound states). However, peak broadening means that a weak and non-specific interaction is present. Finally, depending on whether the shifting of the imino peaks affects all the guanines involved in the tetrads or only those at the ends or central positions, end-stacking or interaction binding modes can be proposed.
Figure 3 near here
In a recent paper by Wang and collaborators [43] , the interaction between an intramolecular G-quadruplex based on the human telomeric sequence (5' -TGAGGGTGGIGAGGGTGGGGAAGG -3') and complexes of platinum and bzimpy derivatives was studied. Upon addition of the platinum complex, some of the NMR peaks (G5, G14 and G20) experienced large shifts and broadening that were explained by the authors as being due to binding of the ligand near the 3'-terminal face of the structure. Pothukuchy and collaborators studied the interaction of TOTA (trioxatriangulenium ion) with several duplex-forming and Gquadruplex-forming sequences [101] . A dramatic upfield shift was observed for the imino NMR signals when studying the sequence d(TAGGGTTA) (Figure 3 ). As the largest shift was observed for signals corresponding to G5, which is the closest to the 3'-end, interaction of TOTA at this end was proposed. In addition, as the couple of signals corresponding to the free and bound structures were not observed, the authors proposed that there is weak binding between TOTA and the G-quadruplex. The last example considered corresponds to the work of Li et al. [72] in which two non-planar alkaloids (peimine and peimidine) interacted with several G-quadruplex-forming-sequences. The interaction between peimidine and the d(TTAGGGT) 4 oligonucleotide was of particular interest. Upon titration with the ligand, a downfield shift was observed (contrary to the previous examples) of the G4 and G5 imino signals, while the G6 signal did not show any variation. The authors explained this different behavior as being due to a different binding mode between the alkaloid and the G-quadruplex that was finally assigned to a groove binding mode (probably at the side groove in the T2A3G4G5 area).
There are several other examples of these types of experiments being applied to the study of G-quadruplex-ligand interactions. For instance, the human telomeric sequence has been studied with perylenes ( [105] [106] [107] , the acridinium salt RHPS4 [108] , methylene blue [20] , quercetin [21] , distamycin A [109] , platinum complexes [32] , carbazole derivatives [102] , amido phthalocyanines [82] , acridine and quindoline oligomers [110] , natural polyamides [52] and ligands from plant extracts [111] . There are also examples with DNA sequences based on promoter regions of oncogenes such as c-kit, c-myc or bcl-2. The ligands used to study these interactions are diarylethynyl derivatives [112] , amido phthalocyanines [82] , triarylpyridines [77] , acridine and quindoline oligomers [110] and natural polyamides [52] .
Elucidation of ligand:G-quadruplex structures by NMR
NMR is a powerful tool for elucidating the 3D structure of a G-quadruplex and ligand complex, with its main advantage over crystallography being the fact that the structure is studied in solution and not in a crystal lattice [113] . However, the structure observed is not static but a dynamic image considering all the possible conformations of the molecule. In order to obtain these images, the combination of distance restraints obtained from 2D NMR experiments and other restraints such as torsional angles, trans-hydrogen bonds and dipolar couplings are used.
Several examples of G-quadruplex-ligand complexes may be found in the literature. For instance, Martino and coworkers [114] showed the 3D structure of the distamycin A:d(TGGGGT) 4 complex combining the data from NOESY experiments and molecular calculations. The structure clearly showed the 4:1 distamycin A:G-quadruplex stoichiometry with two antiparallel distamycin dimers that simultaneously bound two opposite groves of the G-quadruplex structure. Hounsou et al. [115] showed the structure of the complex formed between quinacridines and the d([T 2 AG 3 T] 4 ) sequence. From an NMR titration experiment a 2:1 stoichiometry (quinacridine:G-quadruplex) was derived and a model was proposed with one ligand stacked between A3 and G4 and the other between G6 and T7. Recently, Trotta and collaborators [116] combined NMR and molecular modeling techniques to study the interactions between DNA sequences based on the [d(TGGGGT)] 4 oligonucleotide and six molecules obtained in virtual screening that it were expected to interact with the groove of the G-quadruplex structure.
In many cases, the authors combined the use of the two different NMR approaches. First, there is an NMR titration in order to discover and confirm the interaction of the G-quadruplex and the ligand and, secondly, the structure of the complex is calculated. For instance, this is the case of the work by Fedoroff [105] , Kern [107] and Gavathiotis [108] .
Mass Spectrometry
In recent years, mass spectrometry (MS) has become one of the most common techniques adopted to study interactions between nucleic acids and ligands. Electrospray ionization (ESI) is the most common ionization method used in the study of biomolecules due to its soft ionization [15, [117] [118] [119] in spite of other options such as MALDI ionization [120] . Using ESI techniques, biomolecules can be transferred from the solution to the mass spectrometer with minimal fragmentation and, so, both the mass of the G-quadruplex and the mass of the G-quadruplex-ligand complex can be determinedas the non-covalent interactions that formed the complex are not altered during the electrospray process [15] . Focusing on the use of ESI-MS to study complexes, MS gives a signal for each species with a different mass and so it is very straightforward to establish the stoichiometry of the complexes. ESI-MS signals enable several calculations to be performed: the number of DNA strands involved, the number of bound cations (if present) and the number of bound ligands, among others.
Taking into account the structure of the nucleic acids, ESI-MS studies are performed using negative polarity. It is well known that the phosphodiester backbone of DNA has a pK a value below 1 and it is fully deprotonated under usual working conditions. In general, in order to preserve their structure, nucleic acid solutions are prepared with monovalent ions. As ESI presents a low salt tolerance, the use of ammonium acetate is preferred because of its good compatibility with ESI-MS. However, it should be taken into account that the topology of the G-quadruplex structure in potassium solution may differ from that adopted in ammonium solution. Moreover, the addition of methanol prior to the injection step may also cause changes in the G-quadruplex structure despite helping to improve the ionization process. Additionally, there are other instrumental settings which must be considered such as capillary temperature, the acceleration voltages in the transfer optics or the lens voltages. In order to have soft conditions in the source (and minimize the possible fragmentation of the complexes), it is recommended that these parameters be kept at the lowest possible values.
As stated in the introduction, important work in the application of ESI-MS to the study of G-quadruplex folding and interactions is currently performed by the MS unit at the University of Liege [15, [121] [122] [123] . An example of this work is the comparison of the results obtained by ESI-MS with G4-FID and FRET melting for two G-quadruplex-forming sequences (thrombin binding aptamer and human telomeric repeat) and ligands from different families (quinacridines, metallic complexes, etc) [16] . A good agreement was observed for the stoichiometries of the formed complexes obtained by different methods.
Casagrande and coworkers reported an extensive study of non-covalent interactions between G-quadruplex structures and several perylene and coronene ligands (telomerase inhibitors) using ESI-MS [124] . They showed that perylene and coronene derivatives formed stable complexes with G-quadruplex oligonucleotides with stoichiometries of 1:1 and 2:1 drug:G-quadruplex complex, as well as calculating the binding constants.
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Li et al. used ESI-MS to characterize the formation of duplex and G-quadruplex structures near the promoter region of the bcl-2 oncogene [60, 125] . In addition, they studied interaction with different ligands and how the structures were stabilized by them. Finally, they concluded that model porphyrin TMPyP4 stabilized the duplex structure (it converts G-quadruplex into duplex DNA, which results in strong and selective binding to the duplex form) while the ligand dehydrocorydaline clearly stabilized the Gquadruplex structure. The stabilization effect of the dehydrocorydaline can be observed in Figure 4 . When considering the mixture of the G-rich and C-rich strands, at low concentration of dehydrocorydaline the major species was the duplex. Upon increasing the ligand concentration, the MS signals of the 1:1 and 2:1 complexes between the dehydrocorydaline and the DNA sequence were detected at the same time as the duplex structure was present at a low concentration.
Other examples of the application of MS can be found in the literature. The following have been studied by ESI-MS: the interactions of G-quadruplex forming sequences with porphyrins [60, 122, 126, 127] , alkaloid derivatives [87, 128, 129] , perylene derivatives [60, 122, 125, 127, 130, 131] , modified oxazoles [132] , triazoles [67, 133] , quinacridines [122] , polyamides [131] , distamycin A [127, 134] , daunomycin [129] , telomestatin [66, 135] , methylene blue [87] and bis-phenantroline derivatives [136] .
Surface Plasmon Resonance
Surface plasmon resonance (SPR) is a technique that is used to study interactions between G-quadruplex and ligands on the surface of a metal film (usually gold). This technique provides quantitative information about the affinity between the ligand and the DNA and it is thereby possible to determine the stoichiometry, strength and kinetics of the interaction [137, 138] . The current instrumentation allows the interaction of a certain ligand to be studied with several oligonucleotides simultaneously. This makes it possible to compare the binding of a number of different ligands with different quadruplexes quickly and easily [12] . In order to immobilize the G-quadruplex-forming oligonucleotides on the surface of the sensor chips, the DNA sequences are labeled with biotin at either the 5' or 3' terminus. The biotin will be linked with the streptavidin that is usually covalently attached to the sensor surface and this will create the biospecific surface. It is important that the folding of the G-quadruplex is maintained throughout the experiment and for this reason experimental aspects, such as the buffer composition, must be taken into account. Finally, the analysis of the experimental sensorgrams requires special care to avoid the effect of non-specific binding or adsorption of ligands to the sensor surface.
Recently, Dash et al. [50, 112] showed the usefulness of this technique in the study of the binding of different G-quadruplexforming sequences derived from sequences found near the promoter regions of several proto-oncogenes (k-ras, c-myc, c-kit) with diethynil-pyridine amides. The calculated equilibrium binding constants (K d ) for a series of ligands and different sequences were compared. It was shown that appropriate modifications of the parent structure with triazoles and triamides significantly increased the selectivity of G-quadruplex binding.
Murat and coworkers [139] compared the effect of G-quadruplex topologies (intermolecular or intramolecular) on the binding affinities with a series of model ligands (TMPyP4, MMQ1, distamycin A, DODC, etc). The sensograms and the adsorption isotherms obtained were fitted to a Langmuir model of the TMPyP4:G-quadruplex complex ( Figure 5 ). Using their results, it was proposed that intermolecular G-quadruplex displayed eight-fold selectivity for TMPyP4 compared with the intramolecular structure but, at the same time, the quantity of TMPyP4 bound to the intramolecular structure was larger than that bound to the intermolecular structure. This was also confirmed by the Scatchard analysis of the data; interaction with the intermolecular structure followed a linear model indicating a 1:1 stoichiometry while the interaction with the intramolecular structure followed a nonlinear behavior that was related to the existence of a mixture of parallel/antiparallel structures (or a hybrid 3+1 structure). Similarly, Romera et al. used SPR to determine the selectivity and binding constants for the interaction of several metalloporphyrins with intermolecular, intramolecular (human telomeric) and duplex structures [74] .
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Wu et al. used SPR to determine the equilibrium constants for the binding of disubstituted 2-phenyl-benzopyranopyrimidine derivatives to human telomeric DNA and they compared the results with those previously obtained from FRET measurements [71] . The incubation of these compounds with duplex DNA immobilized on the chips showed either no significant or non-specific binding interactions, which could indicate that the disubstituted derivatives had selectivity for G-quadruplex DNA. Other ligands whiose binding to human telomeric G-quadruplex has been studied with SPR include naphthalene diimide derivatives [64] , triarylpyridines [140] , substituted diarylureas [141] , bis(benzimidazole)pyridine derivatives [142] , copper corroles [27] , zinc phthalocyanine [61] , manganese(III) porphyrin [143] and quinolinecarboxamide macrocycle [100] .
In addition to equilibrium data, which can be efficiently determined from spectroscopically-monitored titrations, association and dissociation rate constants can be calculated from SPR data. Nielsen et al. determined these values for a series of 4,7-diamino-1,10-phenanthroline derivatives binding to human telomeric DNA [144] . In the case of G-quadruplex-forming sequences based on the oncogene promoters, the targeting of c-myc with TMPyP4 [26, 145] , furan-based cyclic homooligopeptides [57] or platinum complexes [43] should be noted;as should that of c-kit, also, with TMPyP4 [26] .
Finally, in Pillet et al. [146] they proposed the use of a new development of the SPR techniques: SPR Imaging (SPRi). They present SPRi as a technique with the great advantage that multiple determinations can be performed in a single run (up to thousands of spots that can be tested under simultaneous and identical experimental conditions). The results showed that the values of the binding constants determined using this method were consistent with those found in the literature for the sequences (-TTAGGG-human telomeric based) and ligands (a manganese porphyrin, a terpyridine platinum complex, a phenanthrolinebased compound (PhenDC3), and a 2,6-pyridine dicarboxamide derivative) studied.
Isothermal Titration Calorimetry
Isothermal titration calorimetry (ITC) can be used to measure thermodynamic parameters directly; including the binding affinity constant, enthalpy changes (H) and binding stoichiometry between the ligands and the G-quadruplex structure in solution [147] . From measurements of small changes of temperature, Gibbs energy changes (G) and entropy changes (S) can be calculated according to the equation:
Where R is the gas constant and T is the absolute temperature. In order to determine these thermodynamic parameters, the ligands are usually titrated into the oligonucleotide solution and the heat response is recorded. These heat values are usually corrected for the heat of ligand dilution. The representation of the heat values as a function of the molar ratio between the ligand and the Gquadruplex is known as the binding isotherm. Finally, fitting the binding isotherms to the proposed model allows the thermodynamic parameters discussed above to be obtained.
This technique allows the interaction of a wide variety of ligands to be studied. There are examples of porphyrins (TMPyP4 and its derivatives) [26, 39, 48, 49, 148] , quinoline alkaloids (berberine, palmatine or sanguinarine) [46] , oxazole containing macrocycles (telomestatin and its derivatives) [58] , distamycin A [109, 116, 149] , actinomycin D [150] , bisaryldiketene derivatives [95] , triazatruxene derivatives [45, 49] and quindoline derivatives [55] . For G-quadruplex-forming sequences, most of the work has been carried out using sequences based on human telomeric DNA although sequences based on oncogenes such as cmyc, c-kit or bcl-2 have also been studied.
The work of Arora and coworkers is an example of the possibilities of ITC [26] . There, the interaction of TMPyP4 with three different intramolecular G-quadruplex-forming sequences (c-myc, c-kit and telomeric DNA) was studied (see Figure 6 ). In all three cases the DNA:ligand stoichiometry was 1:3 and two different binding sites were identified. The strong binding site allowed the interaction of only one ligand molecule with an affinity constant of approximately 10 7 M -1 (end-stacking) which was significantly smaller in the case of telomeric DNA. The authors suggested that the differences in affinity constants could be explained by the parallel structures of the c-myc and c-kit G-quadruplexes in contrast to the antiparallel structure of the telomeric DNA. The weak binding site allowed the interaction of two ligands with an affinity constant was 10 6 M -1 (external binding).
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A different application of ITC is presented in the work by Trotta et al. [116] . In that case, d(TGGGGT) 4 was targeted with different ligands obtained from a virtual screening experiment. As the water solubility of the ligands was poor, ITC titration could not be carried out in the usual manner and competition experiments using distamycin A were carried out (in this case the ability of distamycin A to bind the G-quadruplex in the presence of another compound was measured). It was shown that if the ligand considered bound to the G-quadruplex more weakly than distamycin A did then the titration provided results similar to those obtained with a classic ITC experiment (no significant changes in the thermodynamic parameters). However, if the ligand bound to the G-quadruplex more strongly than distamycin A did then the results obtained in the titration were totally different and it was not possible to obtain a binding isotherm. So, these competition experiments allowed the relative strength of the interaction between the G-quadruplex structure and the ligands to be determined but there was a lack of thermodynamic information (stoichiometries, binding constants, etc)
Competitive dialysis
Competition dialysis is another useful quantitative tool for discovering structure-selective compounds that recognize particular nucleic acid structures [151, 152] .
A competition dialysis experiment is based on dialysis of an array of nucleic acid structures against a common test ligand solution. Dialysis experiments involve a physical process where one or more solutes diffuse through a semi-permeable membrane. The flow of molecules across a membrane depends on the relation between their size and the membrane pore size: smaller molecules can diffuse across the membrane easily whilst larger molecules may be locked inside the membrane. The most common uses of dialysis are the removal of impurities or changes in solution conditions, i.e., during the purification of nucleic acids and proteins. Competition dialysis is a development of the dialysis method that allows the equilibrium specificity of a test ligand to be studied for different nucleic acid structures. The simplest equilibrium dialysis assay consists of two chambers each one containing a known concentration of a G-quadruplex and a ligand, respectively, separated by a semi-permeable membrane in which. This membrane allows the ligand to pass from one chamber to the other but the G-quadruplex is not allowed through and so it is retained in one chamber. Thus, some molecules of the ligand will interact with the G-quadruplex structure and other molecules will remain free in solution. At equilibrium, the concentration of free ligand is the same in both chambers but in the G-quadruplex chamber the concentration will be higher due to the quantity of bound ligand forming the complex which depends on the affinity between the sequence considered and the ligand. In a competition dialysis test, a solution of the ligand is put in touch with a number of individual closed chambers that contain different DNA sequences. So, depending on the affinity between each sequence and the ligand, the concentration of ligand in the chamber will vary. A deeper insight into the theoretical and practical aspects of competition dialysis applied to the study of G-quadruplex-ligand interactions can be found in the Ragazzon review [13] .
Recent examples of the application of competition dialysis to the study of G-quadruplex-ligand interactions using UV-vis molecular absorption or fluorescence spectroscopy as the detection method can be found in the literature [32, 41, 43, 62, 110, 123, [153] [154] [155] . For instance, Xue and coworkers [62] showed that a perylene-neomycin conjugate had the strongest preference for human telomeric DNA compared to other DNA sequences (duplex, G-quadruplexes, etc). In another recent example, Ferreira [110] compared the binding preference of some acridine and quindoline oligomers with different G-quadruplex forming sequences such as c-myc, blc-2 or the human telomeric sequence (among other DNA secondary structures such as duplexes or triplexes). Acridine 4-aminoproline oligomers showed selective interaction with G-quadruplexes. In contrast, only the dimer quindoline ligand showed a certain selectivity with the G-quadruplex of all the quindoline derivatives considered. Wang and coworkers [43] studied the interactions of different platinum-based complexes with the G-quadruplexes formed within the c-myc gene promoter. These ligands showed a preference to interact with the G-quadruplex structures compared to the duplex structures. The last example reported here corresponds to the work of Alcaro et al. [154] in which the G-quadruplex structure formed by the human telomeric based sequence d[AG 3 (T 2 AG 3 ) 3 ] showed a clear preference for fluorenone derivatives substituted with a morpholino moiety compared to duplex and triplex DNA structures.
Electrophoresis and other instrumental techniques
Gel electrophoresis experiments enable the separation of DNA molecules based on size and charge using an electric field. The gel (usually agarose or polyacrylamide) is placed in an electrophoresis chamber that is connected to a power source. When an electric current is applied, the larger molecules move slowly through the gel while the smaller molecules move faster and, in the case of the study of drug:DNA interactions, the distance moved by the free G-quadruplex structure and the bound structure may be different. The molecules are usually detected using spectroscopic methods (molecular fluorescence or UV-visible absorption) and a previous step of staining is usually required [156] .
Some examples of other separation techniques that could be used to study G-quadruplex-ligand interactions include that in the work of Waigh and coworkers [157] [158] [159] [160] using capillary electrophoresis. Despite not applying this technique to the study of Gquadruplex-ligand interactions, they showed the potential of the technique to identify and quantify binding between duplex structures and ligands. As is it possible to separate the oligonucleotides, this technique is also suited to carrying out competition experiments in which a ligand is added to a mixture of different oligonucleotides.
Another separation technique that could be considered is chromatography. This technique can directly analyze the interaction of a ligand and G-quadruplex structure, or the binding a ligand (such as the ligand N-methyl mesoporphyrin IX (NMM)) to a resin which is able to selectively interact with G-quadruplex-forming sequences [161] .
Finally, it is also worth to mention the application of electrochemical methods to study the interactions between ligands and Gquadruplex structures [162] [163] [164] [165] [166] . For instance, Jin et coworkers [166] studied the changes in the voltammetric behavior of daunoribicin when interacts with different oligonucleotides (including a sequence corresponding to the human telomeric DNA).
The results clearly show that the interaction between the daunorubicin and the G-quadruplex structure caused a decrease in the voltammetric signal corresponding to the non-complexed daunorubicin.
Biochemical methods
In addition to the instrumental methods described, interaction between ligands and G-quadruplex DNA structures are also studied by means of several biochemical methods. In this section, some of them are briefly described.
First, some of these methods derive from the polymerase chain reaction and one of the assays most frequently used is the PCR stop assay [167] . The PCR stop assay is used to study the interference of ligands with polymerase activity, because it is an easy way to study whether a ligand stabilizes the G-quadruplex. If bands of paused polymerase activity are found at guanine rich segments of electrophoresis assays on PCR products, the efficacy of the stabilization by the ligand is demonstrated and the intensity of these paused bands is proportional to the inhibition of the polymerase activity. Several examples of the application of this assay to study G-quadruplex-ligand interactions can be found in the literature [27, 78, 87, 94, 97, 142, 168, 169] . Recently, Wang [170] has used this method to study whether the sequence (5'-G 3 (T 2 AG 3 ) 3 -3') is stabilized by phenantroline platinum complexes. The non-detection of PCR products allowed confirmation of the interaction between ligand and DNA and, also, its relative strength
Another method with a PCR step is the telomeric repeat amplification protocol (TRAP) assay [171, 172] . In this case, the enzymatic activity of telomerase is measured, which is directly proportional to the amount of TTAGGG repeat present. In the PCR step, two different primers are used. The first primer acts as a substrate for telomerase-mediated addition of the TTAGGG repeats and the second primer is used as a reverse primer for PCR. A gel electrophoresis experiment using polyacrylamide is performed with the resultant products. For instance, Hang et al. [153] used this assay to study the effects of berberine and its derivatives on telomerase activity. However, Reed and coworkers [173] reported that the TRAP assay overestimated the activity of small molecules in inhibiting the enzyme because they interfered in the PCR step of the assay. For this reason, they proposed a modified TRAP assay known as TRAP-LIG in which the ligand is removed prior to the final PCR amplification of the products. Examples of the application of this recently proposed method can also be found in the literature [37, 61, 71, 73, 74, 91, 93, 94, [174] [175] [176] [177] .
Another common method used to identify G-quadruplex-ligand interaction is the Taq polymerase stop assay described by Han [178] . In this case, a duplex between the primer and the template is obtained and then the samples are incubated with the drugs considered. Finally, there is the Taq polymerase extension and the gel electrophoresis analysis. Palumbo [68] used this assay to clearly identify the interactions of model ligands (TMPyP4 and telomestatin) with the G-quadruplex structures formed in the hTERT promoter. Other examples of the application of this method are the work of Rubis [179] , Sun [79] , Fu [27] , Ren [61] and Rezler [180] .
It is also possible to identify binding sites using footprinting assays [181] . Other experiments such as MTT assays [64, 71, 78, 87, 179] , cell cultures [74, 79] , DNase [182] or luciferase [57, 87, 97] assays have also been employed to identify interactions between G-quadruplex structures and ligands.
Conclusions
We have analyzed a large number of manuscripts that report interactions between G-quadruplex and ligands. It can be seen that every year the number of manuscripts dealing with interactions between G-quadruplex structures and molecules of biomedical interest increases and with this the number of instrumental techniques that are used to carry out different tests also grows. For this reason we have summarized in Table 2 the main properties of each of the techniques paying a special attention to the most important experimental requirements and the type of information the techniques that provide.
As can be seen in Table 2 , each technique provides a certain type of information (stoichiometries, type and strength of the binding, number of binding sites, kinetics of the binding reaction, etc) but none of them provides complete knowledge of the Gquadruplex-ligand system. So it is clear that if we want to have overall knowledge of a G-quadruplex-ligand system, a combination of complementary techniques must be used. Certainly, the number of experimental techniques available to study Gquadruplex-ligand systems depends on the capabilities of each laboratory, but a clear increase in the number of techniques used in each study has been observed in the works analyzed over recent years. A straightforward explanation of this fact is that the number of collaborations between different groups (each expert in a specific technique) has also increased and thus the maximum possible quantity of information is obtained from the system considered.
It is clear that all this effort is directed at obtaining a complete characterization of the interactions between the G-quadruplex structures (formed both at the end of the telomeres and at the promoter regions of oncogenes) with different families of ligands. All the knowledge obtained from the study of these systems is intended to lead us to be able to design more effective new drugs that could help us to overcome diseases such as cancer. Figure 1 . Example of the titration of a ligand with a G-quadruplex structure monitored by UV-visible molecular absorption. a) Experimental data obtained upon titration of TMPyP4 porphyrin with k-ras, inset: fit of the experimental data to the proposed model at 445 nm, b) distribution diagram and c) spectra of the recovered species using multivariate analysis. Reprinted with permission from [47] . Copyright 2011. Springer. Figure 3 . Example of NMR titration of the parallel-stranded G-quadruplex form of [d(TAG3G4G5TTA)]4 with TOTA. The upfield shift of G3, G4, and G5 can be observed from a ratio of 0:1 (only G-quadruplex) to a 5:1 ratio (complex). Reprinted with permission from [102] . Copyright 2005. American Chemical Society. 
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